Background Femoroacetabular impingement (FAI) may constrain hip articulation and cause chondrolabral damage, but to our knowledge, in vivo articulation and femur-labrum contact patterns have not been quantified.
hips and three hips with FAI during the impingement examination. We asked: (1) Does femur-labrum contact occur at the terminal position of impingement? (2) Could range of motion (ROM) during the impingement examination appear decreased in hips with FAI? (3) Does the location of femur-labrum contact coincide with that of minimum bone-to-bone distance? (4) In the patients with FAI, does the location of femur-labrum contact qualitatively correspond to the location of damage observed intraoperatively? Methods High-speed dual-fluoroscopy images were acquired continuously as the impingement examination was performed. CT arthrogram images of all subjects were segmented to generate three-dimensional (3-D) surfaces for the pelvis, femur, and labrum. Model-based tracking of the fluoroscopy images enabled dynamic kinematic observation of the 3-D surfaces. At the terminal position of the examination, the region of minimal bone-to-bone distance was compared with the estimated location of femur-labrum contact. Each patient with FAI underwent hip arthroscopy; the location of femur-labrum contact was compared qualitatively with damage found during surgery. As an exploratory study, statistics were not performed. Results Femur-labrum contact was observed in both groups, but patterns of contact were subject-specific. At the terminal position of the impingement examination, internal rotation and adduction angles for each of the patients with FAI were less than the 95% confidence intervals (CIs) for the asymptomatic control subjects. The location of minimum bone-to-bone distance agreed with the region of femur-labrum contact in two of nine hips. The locations of chondrolabral damage identified during surgery qualitatively coincided with the region of femur-labrum contact. Conclusions Dual-fluoroscopy and model-based tracking provided the ability to assess hip kinematics in vivo during the entire impingement examination. The high variability in observed labrum-femur contact patterns at the terminal position of the examination provides evidence that subtle anatomic features could dictate underlying hip biomechanics. Although femur-labrum contact occurs in asymptomatic and symptomatic hips at the terminal position of the impingement examination, contact may occur at reduced adduction and internal rotation in patients with FAI. Use of minimum boneto-bone distance may not appropriately identify the region of femur-labrum contact. Additional research, using a larger cohort and appropriate statistical tests, is required to confirm the findings of this exploratory study.
Introduction
During the last decade, femoroacetabular impingement (FAI) has been implicated as a possible cause of hip osteoarthritis [6, 13, 20] . Although the exact mechanism responsible for osteoarthritis is unclear, it is believed that abnormal articulation and impingement in hips with FAI causes chondrolabral injury [13, 30] . Differing patterns of chondrolabral damage identified intraoperatively and through diagnostic imaging have led to separate hypothesized mechanisms of impingement for each FAI subtype [4] [5] [6] [7] 22] . Specifically, in pincer FAI, contact between the femoral neck and prominent acetabular rim is thought to produce direct compression and subsequent damage to the capsular surface of the labrum [4] [5] [6] [7] 22] . In contrast, cam FAI is thought to damage the acetabular chondrolabral junction (usually preserving the outer surface of the labrum) as the aspherical femoral head enters the acetabulum during hip flexion and internal rotation [4] [5] [6] [7] 22] . Successful treatment of FAI relies on characterization of the pathoanatomy, including the location and severity of impingement. For this purpose, the impingement process may be visible at the time of surgery [21] . However, accurate, three-dimensional (3-D) quantification of joint articulation (ie, kinematics) with accompanying measurements of the in vivo impingement site in the native hip remain elusive. These data could confirm or refute clinically hypothesized mechanisms of chondrolabral injury in hips with FAI.
The most common approach to measure hip kinematics, skin marker motion analysis, has identified gross reductions in range of motion (ROM) in hips with FAI [16, 18, 19, 25] .
However, among other limitations, movement of the skin marker relative to the underlying bone (i.e., soft tissue motion artifact) prohibits accurate measurements and direct observation of hip articulation. Computer simulations have been used to estimate ROM and the location of impingement [2, 8, 11, 27] . Unfortunately, these simulations are driven using oversimplified, generic kinematics and/or assume terminal motion occurs as a result of direct collision between bones. Although FAI has been described as a condition of ''repetitive abnormal contact between bony prominences'' [22] , the impingement process is likely to first involve contact between the femur and labrum before direct collision between the femur and pelvis bones. Accordingly, the location of femur-labrum contact may differ from where the distance between bones is a minimum.
Therefore, the purpose of this exploratory study was to use high-speed dual-fluoroscopy and model-based tracking to accurately measure dynamic hip articulation in vivo and identify locations of impingement in asymptomatic hips and hips with FAI during the impingement examination (90°flexion then maximal adduction and internal rotation). Only the motion of the bones is quantified dynamically using dual-fluoroscopy and model-based tracking. However, 3-D surface geometry of the labrum, generated from contrast-enhanced CT scans, can be assumed to move with the pelvis. Overlap between the femur and labrum surfaces can estimate the location of femur-labrum contact, whereas the region where bone-to-bone distance between the pelvis and femur is a minimum can serve as the location of possible bony impingement. Using these data, we asked: (1) Does femur-labrum contact occur at the terminal position of impingement? (2) Could ROM during the impingement examination appear decreased in hips with FAI? (3) Does the location of femur-labrum contact coincide with that of minimum bone-to-bone distance? (4) In patients with FAI, does the location of femur-labrum contact qualitatively correspond to the location of damage observed intraoperatively?
Patients and Methods

Study Participants
With institutional review board approval from The University of Utah, eight individuals were screened for grossly abnormal morphologic features and signs of osteoarthritis on an AP radiograph. Two individuals failed the AP screening. The first, a 20-year-old man, had findings consistent with undiagnosed Perthes; he subsequently recalled a history of hip pain during youth and young adulthood. The second, a 31-year-old woman, had very externally rotated ilia and bilateral acetabular retroversion. The six remaining individuals, who reported no history of hip pain, were enrolled as asymptomatic control subjects ( Table 1) .
Three patients with symptomatic FAI also were enrolled in this study ( Table 1 ). These patients presented to a coauthor's (SKA) clinic with continued left hip pain for greater 2 years that limited exercise and activities of daily living. Conservative treatment, including physical therapy, NSAIDs, and cessation of activity had failed. All patients reported pain during the impingement and flexion-abduction external rotation maneuvers and exhibited restricted ROM on gross inspection.
In the coauthor's (SKA) clinic, the AP and frog-lateral view are the preferred radiographic projections to diagnose radiographic pincer and cam-type FAI, respectively. Therefore, these views were obtained of the three patients as part of the diagnostic workup ( Fig. 1 ). Patient 1 presented with a pistolgrip cam deformity and mildly shallow acetabulum. Patient 2 presented with protrusio, a downward sloping sourcil, a large pincer groove, and a large bony prominence located on the anterolateral femoral neck. Patient 3 presented with mixed FAI, including acetabular overcoverage, femoral head asphericity, and a pincer groove on the anterolateral femoral neck. All three patients were treated with arthroscopic femoral osteochondroplasty, acetabuloplasty, and labral repair. The location and type of chondrolabral damage observed intraoperatively were recorded.
CT Arthrography and 3-D Reconstruction
CT arthrogram images of all study participants were obtained using a Siemens SOMATOM Definition Scanner (Siemens Medical Solutions USA, Inc, Malvern, PA, USA) [15] . The pelvis and proximal femora were imaged at 1 mm slice thickness, 342 ± 19.7 mm field of view (FOV) using a 512 9 512 matrix. To establish the femoral anatomic coordinate system, CT images of the knees were acquired at 3 mm slice thickness, with the same FOV and matrix as the hip. Images at the location of the hip were upsampled to 93 resolution to reduce staircase artifact [15] and then segmented semiautomatically in Amira 1 (5.4.1, Visage Imaging, San Diego, CA, USA) to delineate the pelvis, femur, and acetabular labrum. Three-dimensional surfaces of each bone were generated to define anatomic coordinate systems, and then input to model-based tracking.
Dual-fluoroscopy
Following a validated protocol [17] , dual-fluoroscopy video was acquired at 100 Hz during the entire impingement examination. The impingement examination was selected as it is a standard examination to test for FAI and is believed to place the hip in terminal ROM [13, 23, 24] . Each study participant was positioned supine on a radiolucent table with the left hip centered in the combined FOV of both fluoroscopes. A wide seatbelt-like strap secured the anterior-superior iliac spines to the table to ensure the pelvis remained in the FOV during the examination. The impingement examination began with the participant in the supine position with straight but relaxed legs. An orthopaedic surgeon (SKA) manipulated the lower limb of interest to approximately 90°hip and knee flexion and then simultaneously to maximum hip internal rotation and adduction. The leg then was returned to the starting position. Two trials were completed. The average fluoroscope tube voltage and current were 79 ± 7.0 kVp and 3.0 ± 0.37 mA, respectively.
Model-based Tracking
Model-based tracking dynamically determined the position and orientation of the pelvis and femur throughout the entire impingement examination [9, 17] . Briefly, images of a calibration cube established the relative position and perspective of the two fluoroscopes. Knowing this geometry, digitally reconstructed radiographs of the bone of interest relative to the two imaging planes were created via ray trace projection through the isolated bone image stacks. The user initially moved the bone in six degrees of freedom manually (three translations, three rotations) to approximately match the digitally reconstructed radiographs to fluoroscope images for the first frame of the video. Modelbased tracking software then automatically determined the optimal pose and orientation of the bone for each video frame of the entire examination by iteratively changing the six degrees of freedom to maximize the normalized crosscorrelation between pixel intensities in the digitally reconstructed radiographs and the fluoroscope images.
Using cadaver hips, we previously validated the dualfluoroscopy and model-based tracking approach to quantify hip kinematics during clinical examinations with translational and rotational tracking errors less than 0.48 mm and 0.58°, respectively [17] .
Joint Angles
Anatomic coordinate systems of the pelvis and femur were established following the International Society of Biomechanics recommendations, with modifications to standardize landmark selection from the 3-D surfaces [17, 29] . Joint angles were calculated using the Grood and Suntay convention [14] . Joint angles for the entire impingement examination were plotted. For each participant, joint angles were reported as the average of the two trials. To facilitate comparisons between participants, joint angles were linearly interpolated between the start and end of the examination, the first peak in flexion, and the point of maximum internal rotation in flexion (defined as the terminal position of the examination).
Regions of Minimum Bone-to-Bone Distance and Femur-Labrum Contact
The 3-D surfaces and bone positions obtained by modelbased tracking were imported into PostView (Musculoskeletal Research Laboratories, University of Utah, Salt Lake City, UT, USA) to observe motion. A custom tool in PostView measured bone-to-bone distance between the acetabular rim and femoral neck at the terminal point of the impingement examination. The minimum bone-tobone distance at this time was averaged between the two trials for each participant and then reported as the average and standard deviation of all participants. For the trial with a flexion angle closest to 90°at the terminal point at the examination, the location of possible bony impingement, based on the proximity of the femur relative to the pelvis, initially was defined by the location, termed a surface node, with the minimum bone-to-bone distance value. The region of possible bony impingement was expanded to contain this location and all nodes with bone-to-bone values in 0.5 mm of the minimum distance. The value of 0.5 mm was chosen to represent the average root mean square error of bone-to-bone distance measurements, as previously reported [17] . For the purpose of estimating the femur-labrum contact site, the 3-D surface for the labrum was assumed to move with the pelvis, without deformation. The estimated location of impingement between the femur and labrum was highlighted as the region of nodes where the femoral neck and rigid labrum surfaces overlapped, also obtained at the terminal position.
The bone-to-bone and femur-labrum contact regions were compared qualitatively. If these two regions overlaid one another by 25% or more, good agreement between bone-tobone distance and femur-labrum contact was noted.
Because of the small number of participants and the exploratory nature of this study, statistical analyses were not performed.
Results
Except for one asymptomatic participant, contact occurred between the femur and labrum at the terminal position of the impingement examination. Patterns of femur-labrum contact were observed to be subject-specific, varying among the asymptomatic control subjects and the patients.
In general, contact occurred between the femoral headneck junction (Fig. 2 ) and the labrum in the 1 to 2 o'clock positions (3 o'clock represents anterior for the left hip) ( Fig. 3) . However, the location of impingement for Patient 2 was near the middle of the neck, distal in comparison to all other participants (Fig. 2) . The plotted joint angles showed possible deficiencies in internal rotation and adduction in the patients with FAI compared with the asymptomatic control subjects (Fig. 4) . Specifically, at the terminal position of the impingement examination, internal rotation and adduction angles for each of the patients with FAI were less than the respective 95% confidence intervals (CIs) for the asymptomatic control subjects ( Table 2) . Hip flexion at the terminal position was approximately 90°to 100°for all participants, except Patient 2 who experienced flexion greater than 100°( Table 2 ).
In the terminal position of the impingement examination, the minimum bone-to-bone distance between the acetabular rim and femur head and neck was on average (± SD) 3.0 ± 0.53 mm when considering all study participants; direct bone contact was not observed in any of the participants. The location of minimum bone-to-bone distance showed good agreement with the region of femur-labrum contact in only two participants, as displayed on the femur (Fig. 2) and acetabulum (Fig. 3 ). In the cases with disagreement, the region of femur-labrum contact appeared more superior to the region of minimum bone-to-bone distance.
With respect to the femur, the location of femur-labrum contact occurred on the cam lesion in Patient 1 and on the bony prominence lateral to the pincer groove in Patient 2 (Fig. 5 ). For Patient 3, contact with the anterosuperior labrum occurred directly along the pincer groove on the anterior femur ( Fig. 5 ) (Video 1. Supplemental materials are available with the online version of CORR 1 ).
At the time of surgery, mechanical changes at the femoral head-neck junction in the pincer groove of Patient 3 were observed (Fig. 6) . The labral tear observed during arthroscopy in Patient 1 and cartilage delamination in Patient 2 were located in the anterosuperior region of the acetabulum (Fig. 6 ). These areas of damage observed intraoperatively qualitatively compared well with the location of femur-labrum contact on the femur (Fig. 2) and acetabulum ( Fig. 3 ).
Discussion
Although germane to understanding mechanisms of soft tissue damage in the hip, the natural articulation between the femur, pelvis, and labrum has not been observed in vivo in the hip. In this study, we describe the use of high-speed dual-fluoroscopy and model-based tracking to measure in vivo hip articulation and estimate the locations of femurlabrum contact in six subjects with asymptomatic hips and three patients with FAI during the impingement examination. We investigated four specific questions and found that: (1) contact between the femur and labrum occurs in asymptomatic hips and hips with FAI at the terminal position of the impingement examination, but the patterns of contact are subject-specific; (2) hips with FAI conceivably could have reduced ROM during the impingement examination, as seen in the three patients with FAI, femurlabrum contact occurred at adduction and internal rotation angles less than the 95% CI of the mean of the asymptomatic cohort; (3) the actual location of femur-labrum contact coincided with the region of minimum bone-tobone distance in only two of the nine participants; and (4) in the three patients with FAI, the location of femur-labrum contact qualitatively corresponded to the location of damage observed intraoperatively.
This study has some limitations. First, given the demanding experimental and computational methods, our sample size was small and statistical comparisons between groups were not performed. Nonetheless, our data represent the most accurate assessment of in vivo hip articulation in asymptomatic control subjects and patients with FAI to date. Second, subjects with asymptomatic hips were enrolled based only on an absence of grossly abnormal deformities and osteoarthritic changes, as visible on an AP film, and no history of hip pain. It is possible that other radiographic views would indicate the presence of deformities typically seen in patients with FAI. However, cutoff values and views in which to diagnose FAI have yet to be firmly established. Thus, we believe use of an AP film to screen for obvious deformities and absence of hip pain provided sufficient criteria to define a control group for this exploratory study. Third, as the labrum was not visible in the dual-fluoroscopy images, locations where the femur overlapped the labrum at the terminal position of the examination provided an estimate of the impingement site. In reality, the labrum would undergo deformation as it was compressed, stretched, or pushed aside. Nevertheless, by highlighting regions where the femur overlapped with the labrum using an imaging system with submillimeter accuracy, we believe the location of femur-labrum contact was accurately represented. Use of overlapping surfaces as a measure of soft tissue strain has been used in other dual-fluoroscopy studies, such as those of the ankle and knee [10, 28] . In addition, our results are supported by those of a cadaver experiment, where strain in the anterosuperior labrum was increased substantially during the impingement examination compared with neutral position [26] . Fourth, in the current study, the arthroscopic tool used to observe intraarticular damage in the three patients with FAI was not aligned spatially with the dual-fluoroscopy system. Thus, we could only qualitatively compare the location of intraarticular damage with that of femur-labrum contact estimated by model-based tracking. Finally, hyaline cartilage geometry was not included. While the presence of cartilage on the femur could change the location of femurlabrum contact, cartilage is thin or nonexistent in the femoral neck region. Therefore, it is expected that the region of contact would not change substantially if cartilage had been included. In this study, impingement between the femur head-neck junction and anterosuperior labrum was observed in hips with FAI and asymptomatic hips. We found femur-labrum contact patterns to have high intersubject variability. Subtle differences in hip anatomy, even between individuals with asymptomatic hips, were likely responsible for the observed variability. Similarly, a subject-specific finite element modeling study of 10 healthy subjects (similar age and stature to those in the current study) showed wide variability in cartilage contact stress patterns between individuals [15] . The authors suggested that the subtle variation in cartilage and bone geometry was responsible for the resulting cartilage stress patterns [15] . Accordingly, hip function, including impingement, could be governed largely by the underlying anatomy. The use of dual-fluoroscopy and model-based tracking on a larger cohort could confirm which morphologic features drive femur-labrum contact patterns, and therefore deserve the most attention at the time of surgery.
The observed femur-labrum impingement suggests the impingement examination places the hip in a terminal position. Hip flexion angles were similar among the patients and asymptomatic control subjects, and were near 90°(except for Patient 2 who experienced greater hip flexion). This similarity implies the impingement examination was performed as intended (90°hip flexion then adduction and internal rotation). On the contrary, each of the patients with FAI exhibited adduction and internal rotation angles less than the 95% CI of the asymptomatic control subjects, consistent with clinical observations and ROM studies [1, 12, 13] . However, with a limited sample size, and in the absence of statistical tests, it is possible these observed decreases were the effect of chance. Use of dual-fluoroscopy on a larger sample size during clinical examinations will need to confirm the trends we observed for the three patients with FAI. Others have found statistically significant differences in ROM in patients with FAI using reflective markers placed on the skin [16, 18, 25] . For example, Hunt et al. found decreased hip adduction, internal rotation, and extension at the stance phase of walking [16] . In a similar study of walking and stair climbing, Rylander et al. found decreased hip internal rotation and sagittal plane ROM in patients with FAI FAI has been described as a condition of ''repetitive abnormal contact between bony prominences'' [22] . However, in our study, we did not observe direct bone-tobone contact in any of the participants; the minimum distance between the femoral neck and acetabular rim averaged 3 mm. Still, we choose to highlight the area of minimum bone-to-bone distance for the purpose of comparing it with the estimated location of femur-labrum contact. Software to plan surgery for patients with FAI has been developed that predicts the impingement site based on direct bone collision between the femur and pelvis [3, 8, 27] . However, the region where the two bones are close to one another may differ from the actual location of femur to labrum contact (i.e., impingement). Given that regions of femur-labrum contact did not always correspond to the region of minimum bone-to-bone distance, we believe it may be ill-advised to assume that the region where the pelvis and femur bones collide in simulations is the same as that where the femur directly contacts the labrum. Software that relies on direct bone-to-bone contact likely overestimates ROM and may not provide an accurate description of true hip arthrokinematics if not validated appropriately. We will need to analyze a larger cohort of subjects with dualfluoroscopy to confirm femur-labrum contact occurs in regions outside those where bones are close to one another.
With use of dual-fluoroscopy and model-based tracking in a cohort of live subjects, we found hip articulation to be a highly complex and variable process. In this exploratory study, femur-labrum contact during the impingement examination was observed in hips with FAI and asymptomatic hips. While more subjects are needed to confirm the trend, each of three patients with FAI experienced internal rotation and adduction angles less than the 95% CI of the asymptomatic subjects. The high intersubject variability in the pattern of femur-labrum contact provides evidence that subtle anatomic features could dictate underlying hip biomechanics. Overall, these femur-labrum patterns may not be predicted by the location of minimum bone-to-bone distance, highlighting the need to include labral anatomy in future analyses. Collectively, our data motivate the development of patient-specific approaches to diagnose and treat FAI. For example, knowing the location of labrum contact on a per-patient basis could influence the chosen surgical approach. Additional research, using a larger cohort and appropriate statistical tests, is required to confirm the findings of this exploratory study.
